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In previous investigations, the au-
thors (8)(4) have studied the bio-
chemical oxidation of milk solids by
activated sludge. ~ The primary reac-
tion was shown to be

Milk solids + O, — bacterial cells
+ CO, + H,0. (1)

The total cell tissue synthesized was
found by analysis of the protein and
carbohydrate contents of the cells to
be equal to 47 per cent of the protein
and carbohydrate in the milk solids
(3). On a weight basis, the yield of
cell material was slightly higher; about
52 per cent, for the cells contain about
9 per cent ash. These results were ob-
tained in continuous flow experiments
after steady-state operation had been
attained. In a later study of this as-
similation reaction, the oxygen con-
sumed and carbon dioxide produced
were measured manometrically (2).
Simultaneous chemical analysis of the
amount of substrate remaining was
employed to determine when the sub-
strate was exhausted. It was estab-
lished that the substrate was com-
pletely consumed when about 32 to 40
per cent of the oxygen required for
complete oxidation had been used.
Conversely, an assimilation of 60 per
cent was indicated by these data.

The respiratory quotient R.Q.),
which is the ratio of the volume of
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CO, produced to that of oxygen con-
sumed, was determined. The R.Q. of
a biochemical reaction is of value be-
cause it gives a direct measure of the
conversion of atmospheric oxygen to
carbon dioxide. If the substratec and
non-volatile reaction products are
known, the equation of the oceurring
reaction can be established. For ex-
ample, the complete oxidation of ethyl
aleohol to CO, and water has an R.Q.
of 0.67, whereas the oxidation of the
same compound to acetic acid requires
oxygen and produces no CO,; the R.Q.
is, consequently, zero. For the assimi-
lation of milk constituents by cells, the
R.Q. was 1.00 for casein, 1.04 for lac-
tose, and 1.03 for skim milk.

Composition of Cells

For a detailed consideration of the
system, however, a chemical analysis
of the synthesized cell tissue was re-
quired. The previous analyses of the
cells had been for carbohydrate, pro-
tein, and ash content. The oxygen,
carbon, hydrogen, nitrogen, and ash
contents of the cells were determined,
therefore, so that the empirical com-
position of the organisms could be es-
tablished. As far as is known, these
are the first direct determinations of
oxygen in microorganisms. The per-
centage of each element present. was
caleulated to a molar basis by dividing
the determined value by the respective
atomic weight. As shown in Table I,
C,H.NO, is a close approximation of
the resultant composition.



TABLE I.—Empirical Composition of
Sludge Organisms

. Atomic Ratio
Constituent W(e:o )ht
%IAt. Wt. | %/At. Wt.
] 47.26 3.94 4.89
H 5.69 5.65 7.02
N 11.27 0.805 (1.0)
0o 27.0 1.69 2.09
Ash 8.61 — —
Total 99.83 — —

It is realized that a mierobial cell is
an organized system of almost infinite
complexity ; this empirical formula ex-
presses only the statistical average pro-
portions of the major atoms of the or-
ganic constituents. For purposes of
caleculation, this C,H,NO, unit has a
““mole wt.”’ of 118, Corrected for the
ash content of 8.6 per cent the weight
of a ““mole’’ of cells is practically 124
atomic weight units. This figure will
be of value in subsequent calculations.

Cell Synthesis from Lactose

- The conversion of carbohydrate to

cell tissue requires energy, which is ob-
tained by oxidation of a portion of the
carbohydrate. Because no by-products
are produced in significant quantities
by this aerobic oxidation, the energy-
yielding step must be the complete oxi-
dation of lactose to carbon dioxide and
water.

C,.H,,0,,-H,0 + 120,
—12C0, + 12H,0 (2)

For convenience, the repeating unit
HCOH, which requires one molecule of

oxygen for its oxidation, is used.

(CH,0) + 0,—CO, + H,0 (3)
RQ =1/1=10

The minimum equation for the con-
version of carbohydrate to cell tissue, if
ammonia is used as the source of nitro-

gen, is:

5 (CH,O) + NH, — C,H,NO,
+3H,0 (4)

Eq. 4 is balanced without oxygen
consumption or CO, evolution. Ac-
cording to the manometric data, about
37 per cent of the oxygen required for
completely oxidizing the sugar was
used during this assimilation. There-
fore, there must be added to Eq. 4 the
oxidation of three units of sugar, ac-
cording to Eq. 3, to give

30, + 8 (CH,0) + NH, — C,H,NO,
+3C0, +6H,0 (5)
RQ.=3/3=10

Three-eighths, or 37.5 per cent, of the
amount of oxygen required for com-
plete oxidation is consumed. The ex-
perimental R.Q. of 1.04 agrees well
with the theoretical value of 1.0. The
data on yield of cells by weight are
also consistent : 240 atomic weight units,
8 (CH,0), are used up, and 124 units
of cells are produced; 124/240 = 52
per cent yield by weight. The experi-
mental data show a yield by weight of
slightly greater than 50 per cent. The
latter data are for the assimilation of
dry skim milk, however, and not for
lactose alone.

Cell Synthesis from Casein

Similar equations have been estab-
lished for the oxidation and assimila-
tion of casein. The four elements tabu-
lated were determined directly. Both
sulfur and phosphorus occur in casein;
about 0.8 per cent of each. This con-
tent, calculated to the molar basis used,
would equal only 0.05 atom per mole:
and therefore can be neglected. The
“mole’’ weight of C,H,,N,0, is 184.
This value, obtained from Table II,
will be referred to later.

The equation for complete oxidation
of casein is readily established if an
assignment of the nitrogen ecan be
made. It is probable that nitrogen is
not oxidized until all the carbon has
been oxidized; therefore, Eq. 6 was



TABLE IL.—Composition of Casein

. Atomic Ratio
Constituent W(%g)ht
%lAt. Wt. | %/At. Wt.
¢ 52.85 4.40 8.15
H 6.48 6.43 1.9
N 15.12 1.08 (2.0)
0 24.76 1.55 2.87
Total 99.21 — _

written on the basis of ammonia re-

lease.

CgH,.N,0, + 8 0,— 8 CO,
+ 2NH, + 3 H,0
R.Q.=8/8=1.0
~ Thus, by comparing Eq. 6 with Eq.
92, it can be seen that complete oxida-
tion of one carbon atom from either
lactose or casein requires one O, and
produces one CO,.
The minimum equation for the as-
similation of casein into cell tissue
may be written:

C.H,.N,0; + 3 0, —» C;H,NO,
+ NH, +3C0,+ H,O (7)
R.Q. =3/3=1.0
Eq. 7 is not rigorous, for it is based
on the assumption that one-half the
nitrogen is assimilated and one-half re-

(6)

leased as free ammonia. There is
qualitative evidence of ammonia re-
lease when cells are grown on casein
alone. Ammonia is apparent in the gas
phase, and the pH of the solution is
increased, but the amount of ammonia.
produced has not been determined.
The minimum equation (Eq. 7) has an
R.Q. of 1.0, the same as that observed
experimentally. The amount of oxy-
gen required for thé assimilation (com-
pare Egs. 6 and 7) is three-eighths that
for complete oxidation. The almost ex-
act equivalence of the amount of oxy-
gen required and of the R.Q. for the
assimilation of lactose and casein into
cell tissue is explained by this series
of equations.

Cell Synthesis from Skim Milk Solids

The assimilation equations (Egs. 5
and 7), each of which produces one
““mole’’ of cells, may be compared fur-
ther. Eq. 5 requires 8 (CH,0) units
or 240 atomic weight units of sugar,
whereas Eq. 7 requires 184 units of
casein. The proportion of 240:184 is
essentially that of the relative propor-
tions of lactose to casein in skim milk,
51:37, and the two equations may be
summed directly, as follows:

8 (CH,0) + 30, + NH, —» C;H,NO, + 8 CO, + 6 H,0 (5)
C,H,,N,0, + 3 0, = C;H,NO, 4+ 8 CO, + H,0 + NH, )
8 (CH,0) + C,H,,N,0; + 6 0, > 2 C;H,NO, + 6 CO, + 7 H,0 (8)

RQ =10

The summation equation requires
six-sixteenths, or 37.5 per cent, of the
oxygen needed for complete oxidation;
the ammonia required for the carbo-
hydrate assimilation is furnished by
the protein. Thus, no pH change due
to ammonia release would be expected.
The pH does not change when skim
milk is the substrate (3). The R.Q. of
1.0 for the assimilation is in excellent
agreement with the experimental value
of 1.03.

The amount of cell tissue produced
from a given amount of skim milk, ac-

: . 2x124 _
cording to Egq. 8, is 540 7 184~ 58.5

per cent. This value is slightly greater
than the 52 per cent observed earlier
(2) (3). The difference arises, appar-
ently, from the failure of the continu-
ous-flow experiments to effect the com-
plete conversion of skim milk to cells,
carbon dioxide, and water as required
by Eq. 8 and observed in the mano-
metric experiments. Thus, it is prob-
able that in continuous-flow or fill-and-
draw  experiments the maximum
amount of cell tissue obtainable ex-
perimentally will be 52 to 55 per cent.
If conditions do not permit the most
rapid growth, the yield of cell tissue
will be lower, for the cells will con-



tinue to oxidize (at a lower rate) the
sugar and protein essentially accord-
ing to Eqs. 2 and 6, with an accom-
panying increase in the proportion of
the substrate oxidized to CO, and H,O.

Endogenous Respiration

The reactions expressed by Eqgs. 1 to
8 are those of the synthetic reaction.
The cells produced in this reaction have
what is called an endogenous respira-
tion; that is, an oxidation of their own
tissue for energy. It is analogous to
the basal metabolism in humans.

C,H,NO, + 5 0,— 5 CO,
+NH, +2H,0 (9)
RQ.=10*

* The low @Q,, makes determination of R.Q.
difficult, for a CO, production of 200 to 300
uL. is required for an accurate R.Q. determi-
nation. However, duplicate values of 0.95
were obtained in the most satisfactory ex-
periment.

Eq. 9 has an R.Q. of 1.0, which can
be determined manometrically by meas-
uring the rate of oxygen consumption
of the sludge without added substrate.
A Qo,, or rate of oxygen consumption,
of about 12 pL. per mg. per hr. was
reported previously. The Qo reported
for Eq. 8 was 50 to 150, about 10 times
the endogenous respiration (2).

Polarographic Determination of the
Rate of Oxidation

Direct determination of dissolved
oxygen by polarographic measure-
ments may be used to determine (a)
the relative rate of oxidation by the
synthetic reaction to that of endo-
genous respiration, and (b) the effect
of low concentration of oxygen on
these two rates. Oxygen depletion
rates of bacterial sludge for various
concentrations of nutrient were meas-
ured by a modification of the method
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FIGURE 1.—Oxygen removed from solutions containing the indicated amounts of skim
milk solids by activated sludge under anaerobic conditions.
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FIGURE 2.—Rate of oxidation by activated sludge as a function of the concentration
of skim milk solids. The time required to reduce the concentration of oxygen to 0.5 p.p.m.
for the maximum substrate concentration is taken as unity.

of Hixon and Gaden (1). In the pres-
ent studies, oxygen depletion rates of
active bacterial sludges were deter-
mined by recording continuous polaro-
grams of the oxygen remaining in so-
lution.t Measurements of oxygen de-

t Use of a sealed, modified Lingane H-cell
(5) with nitrogen-filled head space prevented
absorption of atmospheric oxygen by the
sludge during the oxygen measurements. The
oxygen remaining in solution was measured
continuously at an applied potential of — 0.5
volts vs. 8.C.E., with the cell held at 25 = 0.1°
O. The dissolved salts in the substrate served
as the.supporting electrolyte. The sludge was
dispersed by high-speed agitation so that it
would not settle rapidly before it was trans-
ferred to the H-cell. The sludge was aerated,
and the nutrient was added and mixed by fur-
ther air bubbling. After this, the air in the
head space was replaced with nitrogen, the cell
was sealed, and a continuous polarogram was
recorded until the height of the oxygen wave
attained a constant minimum value. These

pletion were made at 0, 25, 50, 100, and
1,000 p.p.m. of nutrient.

The results show a rapid and rela-
tively constant rate of oxidation of
skim milk solids. The curves of oxygen
depletion (Figure 1) can be interpreted
more satisfactorily when plotted ag in
Figures 2 and 3. The rate of oxidation
as a function of substrate concentra-
tion is approximated by determining
the time required to reduce the oxygen
tension to 0.5 p.p.m. The most rapid
rate of depletion at 1,000 p.p.m. is
taken as unity. Any other arbitrary
end point could have been selected
without affecting the results signifi-
wave heights were calibrated with solutions
containing known quantities of dissolved oxy-
gen, and since the polarogram abscissae were
expressed in minutes, oxygen depletion rate
constants, p.p.m. O, per minute, were obtained
directly from the slope of these waves.



cantly. The rate of assimilation by Eq.
8 is essentially constant above 100
p.p.m. of added skim milk. The time
required to oxidize the waste, there-
fore, is directly proportional to the
amount added in this range. It has
been previously shown by Warburg
respirometer studies that 1,000 p.p.m.
are assimilated in about 6 hr.; 500
p.p.m. would then be assimilated in 3
hr., and other amounts in similar pro-
portion. Such calculations assume that
a sufficient amount of oxygen is sup-
plied. In these experiments, the as-
similation reaction proceeded at 6
times the rate of endogenous respira-
tion shown by the control without
added substrate.

Figure 3 shows the rate of oxidation
of 100 p.p.m. skim milk solids (from
Figure 1) as a function of oxygen con-
centration. Only below about 0.5
p.p.m. O, does the rate fall off ap-
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FIGURE 3.—Rate of oxidation of 100
p.p.m. skim milk solids as a function of
oxygen concentration. The rate is taken
from the slope of the curve for this con-
centration in Figure 1.

preciably because of lack of oxygen.
The absolute rate of oxygen consump-
tion is of practical importance; oxygen
is removed from the solution at a rate
of 0.35 p.p.m. per minute. The diffi-
culty encountered in supplying oxygen
at such a rate is one of the major prob-
lems in the aerobie treatment of dairy
wastes.

Discussion

Practical implications of the oxygen-
depletion data are discussed above.
Additional considerations, which are
believed to be of importance in the de-
sign and operation of dairy waste dis-
posal plants, may be derived from the
equations established in this paper.
The following calculations are based
on 1 1b. of skim milk solids in 1,000 1b.
of water; that is, 1,000 p.p.m.

Assimilation reaction (Eq. 8):
0, required (%) for complete oxi-

dation 37.5
Time required for assimilation

(hr.) 6
Oxygen required for assimilation

(Ib.) 0.45
Rate of oxygen utilization (Ib./

hr.) 0.075

Endogenous respiration (Eq. 9):

0, required (%) for complete oxi-

dation 62.5
Time required for oxidizing 500

p-pm. cells produced according

to Eq. 8 (hr.) 30
Oxygen required for oxidizing cells

(1b.) 0.75
Rate of oxygen utilization (1b./

hr.) 0.025

The assimilation reaction is assumed
to be 10 times as rapid as endogenous
respiration. This relationship was ob-
tained several times in a previous
study. If the sludge were less active
than is assumed, the assimilation re-
action would be slower, perhaps re-
quiring 8 hr. for completion. The rate

- of endogenous respiration is relatively

constant, about 12 uL. per mg. per hr.
(2), despite variations in the rate of
substrate oxidation caused by changes
in activity of the sludge. If about
2,500 p.p.m. sludge solids were car-
ried in an aerator, the time for com-



pletion of the endogenous reaction
would not differ appreciably, but the
rate of oxygen utilization would in-
crease proportionately (5-fold) and
more oxygen must be supplied. In
these experiments, the solids content
of the sludge at the start was about
500 p.p.m.

Summary

Chemical equations for conversion of
lactose, casein, and skim milk solids to
activated sludge are established.

A similar equation is derived for the
endogenous respiration of the sludge.
The rate of these reactions is measured
by polarographic determination of oxy-
gen depletion. The various lines of evi-
dence combine to give a quantitative
description of the biochemical proe-

esses occurring in the oxidation of
dairy waste by activated sludge.
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